HVEM (Herpes Virus Entry Mediator) engagement of BTLA (B and T Lymphocyte Attenuator) triggers inhibitory signals in T cells and could play a role in evading antitumor immunity. Here, HVEM expression levels in melanoma metastases were analyzed by immunohistochemistry, correlated with overall survival (OS) in 116 patients, and validated by TCGA transcriptomic data. Coincident expression of HVEM and its ligand BTLA was studied in tumor cells and tumor-infiltrating lymphocytes (TILs) by flow cytometry (n = 21) and immunofluorescence (n = 5). Candidate genes controlling HVEM expression in melanoma were defined by bioinformatics studies and validated by siRNA gene silencing. We found that in patients with AJCC stage III and IV melanoma, OS was poorer in those with high HVEM expression on melanoma cells, than in those with a low expression, by immunohistochemistry (p = .0160) or TCGA transcriptomics (p = .0282). We showed a coincident expression of HVEM at the surface of melanoma cells and of BTLA on TILs. HVEM was more widely expressed than PD-L1 in melanoma cells. From a mechanistic perspective, in contrast to PDL1, HVEM expression did not correlate with an IFNγ signature but with an aggressive gene signature. Interestingly, this signature contained MITF, a key player in melanoma biology, whose expression correlated strongly with HVEM. Finally, siRNA gene silencing validated MITF control of HVEM expression. In conclusion, HVEM expression seems to be a prognosis marker and targeting this axis by checkpoint-inhibitors may be of interest in metastatic melanoma.
Introduction
Metastatic melanoma had one of the poorest prognoses among metastatic cancers until the arrival of immunotherapies based on anti-CTLA-4 and anti-PD-1 antibodies. 1−3 Although anti-CTLA -4 and anti-PD-1 treatment dramatically improved overall survival, almost half of patients do not benefit, notably because hyporesponsiveness may depend also on other co-inhibitory molecules than PD-1. Therefore, it is likely that combined immunotherapy targeting other appropriate co-inhibitory pathways will be required to optimize therapeutic benefit. It is thus important to characterize novel co-inhibitory pathways expressed in tumor-infiltrating Lymphocytes (TILs) and to validate them as targets for novel antitumor therapy. Accordingly, we focused our interest on the Herpes Virus Entry Mediator (HVEM)/B-lymphocyte and T-lymphocyte attenuator (BTLA) co-inhibitory axis in melanoma.
HVEM (also known as TNFRSF14) is a member of the TNF receptor superfamily, which is expressed on several types of cells, including T cells, B cells, natural killer cells, dendritic cells, and myeloid cells. HVEM functions as either a ligand or a receptor in diverse physiological and pathological conditions. 4, 5 For instance, HVEM is a ligand for the TNF superfamily members LIGHT and lymphotoxin α. Binding of T cell-expressed LIGHT to HVEM expressed by antigen presenting cells results in enhanced T cell proliferation and cytokine production. 6 Conversely, when HVEM engages BTLAa member of the immunoglobulin superfamilyor CD160 on T cells, it triggers inhibitory signals resulting in decreased T cell proliferation and cytokine production. 7 However, a recent publication suggests that BTLA can use the cytosolic adaptor GRB2 to trigger costimulatory signals in T cells. 8 Therefore, HVEM and BTLA appear to play a dual role in T cell activation depending on the ligands and intracytoplasmic effectors they interact with.
HVEM was originally thought to be primarily expressed on hematopoietic cells. However, a recent study 9 showed, using in vitro assays, that around 75% of melanomas expressed HVEM and that the presence of HVEM on melanoma cells inhibited the proliferation of and production of IFNγ by BTLA + tumor-specific CD8 + T cells. These results suggest that the inhibitory signals caused by HVEM/BTLA interactions contribute to tumor evasion. Indeed a dual BTLA and PD-1 blockade enhanced the expansion, proliferation, and cytokine production of NY-ESO-1-specific CD8 + T cells from melanoma patients compared to PD-1 blockade alone. 10 In a similar way, BTLA blockade enhances the efficacy of anti-PD1 treatment in murine syngeneic tumor models of bladder, colorectal, and breast cancer. 11 High levels of HVEM expression in human esophageal squamous cell carcinoma are associated with significantly lower survival rates. 12 Similar results have been obtained in colorectal cancer, 13 hepatocellular carcinoma, 14 breast cancer, 15 ovarian serous adenocarcinoma, 16 clear renal cell carcinoma 17 and glioblastoma 18 . However, the problem is more complex, since high levels of HVEM expression were associated with improved cancer-specific survival in other tumor like pancreatic, ampullary, 19 and bladder cancer. 20 Likewise, adoptive cell therapy trials in melanoma revealed that the presence of CD8 + BTLA + TILs is associated with a better clinical outcome. 21 The contrasting findings described above led us to address the prognostic role of HVEM in melanoma, an unexplored issue to date.
Material and methods

Patients and specimens
The cohort used for immunohistochemistry (IHC) comprises formalin-fixed paraffin-embedded (FFPE) samples of melanoma metastases collected from 116 patients consecutively during tumor excision for tumor mass sterilization or palliative care, between 2009 and 2012, in the Departments of Pathology of La Timone Hospital (Marseille, France) and Guy de Chauliac Hospital (Montpellier, France). When more than one specimen was available from a patient, the last resected sample was arbitrarily used. Table 1 summarizes the clinical characteristics of patients. The median follow-up for patients, calculated from the date of initial diagnosis to the date of death or loss of followup, was 56.3 months (range, 2.4-396.3 months).
The flow cytometry and co-immunofluorescence cohorts were prospectively obtained from 21 fresh tumor samples taken during planned surgical procedures occurring between 2014 and 2016 at La Timone and Nord Hospital in Marseille. Samples for flow cytometry and co-immunofluorescence were immediately stored in RPMI at 4°C or frozen at −90°C, respectively. Tumor samples included 76% lymph nodes, 19% skin, and 5% liver metastases. Among those samples, 67% originated from patients who were treatment-free before sampling, while 14% had received IFN, 14% a checkpoint inhibitor, and 5% a targeted therapy.
Written informed consent was obtained from all living patients and the present study was approved by our Institutional Review Board (RO-2014/04).
Survival assessment
Overall survival was defined as the time from initial diagnosis to last assessment or date of death from any cause. Survival from biopsy was defined as the time from sampling (used to assess HVEM and PD-L1 scoring) to last assessment or date of death from any cause.
HVEM immunohistochemistry
The 79 tissue samples from La Timone Hospital (Marseille, France) were analyzed by tissue microarrays (TMA): briefly, four representative 0.6-mm cores were taken from each tumor sample after selection by a pathologist. The 37 samples from Guy de Chauliac Hospital (Montpellier, France) were studied on wholeslide cuts to observe the overall pattern and heterogeneity of immunostaining in the tumor. An anti-HVEM antibody (94804, R&D) was used at 1:150 dilutions, while additional immunostainings were performed using anti-Melan-A (MART1) (A103, Cellmarque) and anti-PS100 (RP035, Clinisciences) antibodies to stain melanoma cells and anti-CD68 (KP1, Dako) and anti-CD163 (10D6, Leica) antibodies to stain histiocytes/macrophages. Fourmicrometer thick sections were cut and mounted on SuperFrost Plus adhesive slides (Thermoshandon, Pittsburgh, PA) and IHC was performed on the Benchmark XT automated immunostaining instrument (Ventana Medical Systems Inc, Roche, Tucson, AZ, USA), using an indirect biotin-free system based on polymers (Ultraview universal RED kit, Ventana medical Systems Inc.). Negative isotype controls were used for each antibody: these Anti-CTLA-4 or Anti-PD-1 then Targeted therapy control slides, cut from the TMA, were incubated with a nonimmune immunoglobulin in the same temperature and pretreatment conditions as those used for the primary antibody and revealed by the ultraview universal RED kit in the same automated instrument.
HVEM expression scoring
HVEM expression was evaluated by a pathologist without prior knowledge of the patient's clinical status. Since HVEM expression patterns in melanoma were unknown, we used an immunoreactive score 37 adapted to HVEM linear expression to evaluate the immunostaining. First, the pathologist reviewed the 79 samples embedded in the TMA to determine the overall expression profile of HVEM: spots with the least and most intense staining on the TMA matrix were identified and compared with the HVEM expression of normal lymphoid, kidney, and brain tissue taken from patients without other history of malignancy. Those nontumoral tissues were embedded on the TMA matrix and used as internal controls and standards for HVEM staining scores. Scoring was then performed for each TMA spot, taking into account the intensity of the immunostaining relative to normal lymphoid tissue, which was arbitrarily scored as 2. Therefore, the intensity of each spot was scored as 0 (negative, complete absence of signal), 1 (weak, very faint cytoplasmic staining, only visible at high magnification, and less than the intensity of HVEM in normal lymphoid tissue), 2 (intermediate signal, equal to the intensity in normal lymphoid tissue), or 3 (intense staining, greater than the intensity in normal lymphoid tissue) ( Figure 1(b) ). To take into account the possibility of heterogeneous HVEM expression, four different TMA spots were taken from different locations or from different blocks of the same melanoma specimen. A global score was calculated, corresponding to the sum of the HVEM intensities observed in the four spots of each sample: this global score thus ranged from 0 to 12 (Figure 1(a) ). When fewer than four TMA spots could be analyzed, the global score was normalized. To avoid false negatives resulting from sampling bias, all negative spots were confirmed a second time on a fresh whole-slide cut taken from the donor block. In addition, 33 samples were directly analyzed on whole slides and HVEM expression was scored as described above, using lymphocytes present on the slide as a 2+ standard. To account for signal heterogeneity, HVEM was scored on four different 0.60 mm 2 microscopic fields. For each part of the slide reviewed, HVEM intensity was interpreted globally and only the highest score was retained when different staining intensities were present in a single microscopic field. A global score was also calculated corresponding to the sum of the HVEM intensities observed in the four analyzed fields of the slide. TMA spots or whole-slide cases were excluded from the analysis when no tumor cells were present (confirmed by the absence of staining for MART1 and PS100), when HVEM + macrophages (identified using CD68 and/or CD163 expression) were too numerous, or when melanin pigment interfered with proper HVEM interpretation.
PD-L1 expression scoring
PD-L1 expression was evaluated by an anti-PD-L1 antibody on whole slides cut from the FFPE blocks of 67 patients from the 79 initially used to build the TMA, due to the absence of surplus FFPE blocks for the remaining 12. Immunostaining was performed using an automated Ventana Benchmark ULTRA (Diagomics) (prediluted rabbit monoclonal QR1 anti-PD-L1 antibody; pretreatment: Cell Conditioning 1 solution; incubation: 32 min; detection: Ventana Ultraview DAB kit). A senior pathologist reviewed the slides; PD-L1 positivity threshold was defined as at least 5% of tumor cells displaying membranous PD-L1 staining of any intensity. Only slides containing at least 100 melanoma cells were evaluated.
TCGA transcriptomic data
HVEM transcriptomic data from the skin cutaneous melanoma (SKCM) project of The Cancer Genome Atlas (TCGA) were assessed, using distant and lymph node metastases cohorts to enable comparisons with the IHC cohort. The PROGgeneV2 database was used (http://watson.compbio.iupui.edu/chirayu/ proggene/database) to study prognostic implications using median gene expression as a bifurcating point. 38 
Flow cytometry
After mechanical and gentleMACS (Miltenyi) dissociation, the cell suspension was filtered first at 70 μm and subsequently at 30 μm. The cell pellet was resuspended in PBS at 200 000 cells per well and used for the staining protocols of both the tumor cells and TILs if enough cells were available. Extracellular staining (30 min, 4°C) was performed for both protocols, as indicated by the manufacturer, with anti-CD3 (clone UCHT1, BC), anti-CD8 (clone HIT8a, BD), anti-CD45 (clone Immu19.2, BC), anti-panGD (clone Immu510, BC), anti-HVEM (clone CW10, BD), anti-BTLA (clone MIH12, Biolegend), anti-CD160 (clone BY55, ebiosciences), anti-LIGHT (clone 7-3(3), ebiosciences), and anti-PD-L1 antibodies (clone MIH1, BD Horizon), Live/ Dead assays (Life technologies), and corresponding isotype controls. Intracellular staining was then used to gate melanoma cells. Accordingly, after permeabilization was performed with a BD Kit Cytoperm/Cytofix, cells were stained with a combination of melanoma-specific antibodies directed at HMB45, MART1, and tyrosinase (clones HMB45, DT100, BC199 and T311). The gating strategies used for melanoma tumor cells and TILs are shown in Supplementary Figures S1 and S2. PD-L1 staining was positively tested on the melanoma cell line Gerlach (kind gift from Pr. Coulie, UCL, Belgium), where increased PD-L1 expression following the addition of IFNγ was observed with two different conjugated fluorochromes (BV421 and APC). Stained cells were analyzed using a FACS CANTO II (BD Bioscience) cytometer and analyses were performed using FACSDIVA v8 and FLOWJOv10.4.
In situ immunofluorescence staining and analysis of tils and melanocytes
Tissue samples from patients with melanoma were frozen and stored at −80°C. A pathologist examined the sample quality using hematoxylin-and eosin-stained sections. Frozen specimens were sectioned at 4-6 µm with a cryostat, placed on slides, air dried, and fixed for 5 minutes with 100% acetone. Before incubation with antibodies, the slides were pretreated with avi- HVEM (IgG1, mouse, clone 94804; R&D) were performed using non-labeled primary antibodies followed by fluorophore-labeled secondary antibodies: Alexa Fluor® 488 (Life), Cyanin-3, Cyanin-5, and biotinylated anti-mouse-IgG1 followed by a streptavidin-Alexa Fluor® 594 (Jackson Immunoresearch), respectively. Isotype-matched antibodies were used as negative controls. In each case, we checked that secondary antibodies did not crossreact with unrelated primary antibodies used in the combination. Nuclei were highlighted using DAPI mounting medium (Sigma). Slides of stained melanoma sections were read with an automated Vectra R microscope. As recommended for multiplex analysis, single-stained fluorophores (CD8-Alexa Fluor® 488, BTLA-Cyanin-3, Melan-A-Cyanin-5, HVEM-Alexa Fluor® 594, and DAPI) and non-stained slides were analyzed in Informcoupled software to integrate the corresponding spectra in a fluorophore library. On each image, the Inform software integrates various signals, allowing a multiplex staining protocol.
Determining gene expression correlations with HVEM expression
To find genes whose expression correlates with HVEM expression in melanoma, data from the NCI-60 cancer cell line (GSE5846) was retrieved and processed using GEO2R at NCBI, then analyzed using Multiple Experiment Viewer. The NCI-60 panel was chosen in order to assess gene expression correlations in a wide panel of conditions, and on a wider dynamic range than restricting the analysis to melanoma only, aiming to increase the specificity of correlations with HVEM. Genes showing a Pearson correlation with HVEM higher than 0.8 were retained, resulting in a signature of 20 genes only overexpressed in melanoma cell lines: ACP5, CITED1, CPN1, DSTYK, GAB2, GNPTAB, GPNMB, GYPC, LYST, LZTS1, MITF, RXRG, S100A1, SNX10, ST6GAL1, ALX1, CAPN3, GAS7, MXI1, and SOX10 (data not shown). The dataset of the Cancer Cell Line Encyclopedia (CCLE, GSE36133) consortium was collected and used as external validation of the signature (data not shown). The CCLE gene expression also allowed the levels of HVEM and MITF expression to be assessed across various cellular types. Finally, the expression dataset from the SKCM project of TCGA consortium was collected to validate the signature in human samples of melanoma. The RNA-seq dataset (dataset ID: TCGA_SKCM_exp_HiSeqV2; version: 2015-02-24) was retrieved from the UCSC genome browser. In this dataset, genelevel transcription levels are estimated as RSEM normalized counts. The RSEM counts were log2 transformed and median centered, but not standardized, in order to retain a value similar to qRT-PCR cycles. Patient sample characteristics were downloaded from the UCSC genome browser. Methods and preprocessing are described at TCGA and UCSC websites.
Analysis of somatic mutations
Analysis for the presence of mutations in exon 15 of BRAF (codon 600), exons 11, 13, and 17 of KIT, and exons 2 and 3 of NRAS was performed as routine in the "Plateforme of Génétique Moléculaire des Cancers" in the Assistance Publique-Hôpitaux de Marseille. DNA extracted from FFPE specimens was analyzed by a sequence of PCR-high-resolution melting (PCR-HRM) followed by Sanger sequencing.
Small interfering RNA silencing of the MITF gene MEL501, MeWo, and SKMEL28 melanoma cell lines or C.09.10 and C.10.01 short-term cultures isolated from lymph node metastases (all patients provided informed consent and this study was conducted with the formal approval of the local human subject committee) were transfected with siRNA using Lipofectamine® RNAiMAX (Invitrogen), according to the manufacturer's recommendations. siMITF1 (GGUGAAUCGGAUCAUCAAG), siMITF2 (AGCAGUACC UUUCUACCAC), si Ctl (UUCUCCGAACGUGUCACGU).
Western blots
Cells (WM3912, SKMEL-28) were grown in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA, USA) supplemented with 7% FCS and penicillin/streptomycin (100 U/ml/50 μg/ml) at 37°C and 5% CO 2 . Cells were transfected with siRNA against MITF as previously described. 39 Briefly, cells at 50% confluency were transfected with 50 nM of siRNA using Lipofectamine TM RNAiMAX in Opti-MEM medium (Invitrogen). Forty-eight hours later, cells were solubilized for 10 minutes at 4°C, in EDTA-free buffer containing 50 mM Tris pH 8, 150 mM NaCl, 1% Triton X-100, and protease inhibitors. Thirty micrograms of proteins were separated by electrophoresis by SDS-polyacrylamide gel electrophoresis and transferred onto a polyvinylidene difluoride membrane (Immobilon, Millipore). The membrane was saturated for 1 h at 25°C in 10 mM Tris HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.1% Tween 20, 3% bovine serum albumin (weight/volume), and 5% gelatin (weight/ volume). Primary antibodies (1/250) were incubated overnight at 4°C (MITF antibody, 12039, Abcam; HVEM antibody, 318802, Biolegend). After three washes of 5 minutes in 10 mM Tris pH 7.4, 150 mM NaCl, 1% Triton X-100, the secondary antibody coupled with horse radish peroxidase (Dakopatts) was then incubated for 1 h at room temperature. After three additional washes, proteins of interest were revealed by ECL (Amersham) using ImageQuant LAS-4000 Fujifilm (GE healthcare).
Statistical analysis
Statistical analyses were performed using GraphPad Prism v7 and in R 3.3.3 using the ComplexHeatmap package. Survival curves were calculated using the Kaplan-Meier method to estimate the probability of survival and significance was assessed by the log-rank test. Multivariate analysis was performed using the Cox proportional hazard model. A twotailed paired t-test was used for comparison between control and target siRNA. A p-value <0.05 was considered to be statistically significant and p-values were computed using two-tailed tests by default.
Results
HVEM is expressed at the surface of most melanoma cell metastases, whereas its ligands are not
We first evaluated HVEM expression using IHC in 116 samples. HVEM staining was readily observed at the cell membrane and/ or the cytoplasm of melanoma cells in 114 out of the 116 (98.3%) analyzed metastases (Figure 1(a,b) ). HVEM expression occurred regardless of the site of origin of the melanoma metastases (Figure 1(c) ) and 25% of the samples displayed intraspecimen heterogeneous levels of HVEM expression (data not shown). Flow cytometry analysis of cell suspensions prepared from fresh melanoma metastases also demonstrated the broad expression of HVEM at melanoma cell surfaces. All the fresh samples expressed HVEM at the cell surface, with 9-92% (median, 43%) of melanoma cells staining positive (Figure 2(a) ). In contrast, melanoma cells in the analyzed metastases did not express BTLA, LIGHT, or CD160.
HVEM is more widely expressed than PD-L1 in melanoma cells with a mutually exclusive or coincident expression pattern Next, we compared HVEM expression to PD-L1 expression and determined whether HVEM and PD-L1 showed a coincident or mutually exclusive pattern of expression on melanoma cells. Flow cytometry revealed a median expression of PD-L1 of 1.6% (range, 0.2-15.3%) (Figure 2(a) ); expression in three out of nine samples was >5%. As illustrated in Figures 2(b,c) across the nine samples, all PD-L1 + melanoma cells co-expressed HVEM, accounting for 0.1-15.3% of total melanoma cells per sample. More interestingly, 8.5-92.3% of melanoma cells were HVEM + and PD-L1 − .
Since flow cytometry is not a common way of assessing PD-L1 levels, we performed PD-L1 IHC on 68/79 TMA cohort samples using a 5% cutoff. Interestingly, among the 55% of PD-L1 − samples, 47% showed high levels of HVEM expression (Supplementary Figure S3a) ; 41% of PD-L1 + samples also exhibited high HVEM levels. HVEM and PD-L1 complementary patterns are illustrated in a HVEM-high and PD-L1 + metastasis (Supplementary Figure S3b) .
Given that HVEM was largely expressed by melanoma metastases, we next evaluated the expression of HVEM ligands in the tumor microenvironment.
Expression of BTLA, LIGHT, and CD160 on tils found in melanoma metastases is variable
Flow cytometry analysis of CD8 + TILs found in melanoma metastases showed that 2.1-35.6% (median, 11.1%) of CD8 + TILS expressed BTLA on their surface (Figure 2(d) ). Likewise, 12.6-61.5% (median, 34.6%) of CD4 + TILs were BTLA + (data not shown). Analysis revealed LIGHT expression on an average of 5.1% (range, 0.7-20.8%) CD8 + TILs and 8.8% (range, 0.9-31.7%) of CD4 + TILs. CD160 was expressed on 5.2% (range, 1-36%) of CD8 + TILs and 2.3% (range, 0.1-21.6%) of CD4 + TILs (Figure 2(d) ). The high and sporadic expression observed for BTLA, LIGHT, and CD160 on TILs was neither linked to the location of metastases nor to the treatment received by the patients prior to melanoma sampling.
HVEM + melanoma cells are found contiguous to BTLA + TILs
Sections of melanoma metastases were analyzed by multispectral immunofluorescence imaging to determine whether HVEM and BTLA showed coincident expression at the interface between melanoma cells and CD8 + TILs, respectively. As shown in Figure 2 (e), co-immunofluorescence studies performed on metastases from five patients showed that HVEM + melanoma cells were found in contiguity with BTLA + CD8 + T cells, suggesting that HVEM on melanoma cells can engage BTLA expressed on the TILs present in the metastases.
Higher HVEM expression is associated with a significantly poorer prognosis
Using the patient cohort subjected to IHC analysis, we looked for a link between magnitude of HVEM expression by melanoma metastases and overall survival. We divided the cohort into two groups of similar sizes, using the median expression of HVEM: low HVEM expression (score 0-5; 52.6% of patients), and high HVEM expression (expression score 6-12; 47.4% of patients) groups, respectively. The cutoff was not optimized. We observed a similar distribution of known prognostic markers in melanoma (AJCC stage, number of metastatic sites, presence of brain metastasis, presence of liver metastasis, and treatment received) in the high and low HVEM expression groups (Table 1) . Unfortunately, lactate dehydrogenase levels were not assessed before surgery between 2009 and 2012 in our departments. Patients with a HVEM score >5 had a significantly poorer overall survival than those with a score ≤5 (p = .0160), translating into median survival of 37.3 and 67.7 months, respectively (Figure 3(a) ). Supplementary Figure S4 displays the univariate analysis of each prognostic marker. Multivariate analysis (Figure 3(a) ) showed that HVEM status was an independent prognostic marker (p = .0158). The finding that a high HVEM expression score correlated with a poor prognosis also held true when survival was assessed from the date of sampling (p = .0254) (Supplementary Figure S5) . It is important to note that only one patient (in the high HVEM group) had a non-melanomarelated death.
The generality of the finding based on our cohort of 116 patients was further validated using the SKCM cohort of TCGA. By analyzing this cohort, for which transcriptomics was used to assess the levels of HVEM expression, we also found that patients with high levels of HVEM expression in melanoma metastases had a significantly poorer overall survival than those with low levels (p = .0282) (Figure 3(b) ). Therefore, considering that HVEM expressed by melanoma cells can interact with BTLA expressed by TILs (Figure 2(d) ) and that high HVEM expression levels are a marker of poor prognosis in melanoma (Figure 3(a-b) ), it is likely that HVEM contributes to melanoma escape from T cell immune responses.
Genes co-expressed with HVEM are associated with aggressive features in melanoma
To better understand the mechanisms controlling HVEM expression and compare them to those controlling PD-L1 expression, we analyzed publicly available expression databases. Using unsupervised hierarchical clustering analysis, we defined and validated a "HVEM signature" (Figure 4(a) and Material and Methods). It comprised 20 genes whose expression was co-regulated with HVEM (TNFRSF14) expression in different melanoma datasets and was melanoma specific (data not shown).
This HVEM signature is essentially a mixture of genes involved in melanoma proliferation (MITF, CAPN3, MLANA, GNPTAB, CPN1, SOX10, and GYPC 40, 41 ) and of genes involved in invasive melanoma features (CITED1, 42 ACP5, 43 LZTS1, 44 GAB2, 45 SNX10, 46 and RXRG 26, 36 ); among these, it is interesting to note that targeting RXR signaling may delay relapse in melanoma 47 and that the MXI1 hypoxia responsive 48 gene is a putative tumor suppressor gene involved in melanoma progression. 35 Among the remaining genes, GAS7, ALX1, and S100AI were reported in the Rambow melanoma signature, 41 but their respective role(s) in melanocyte lineage biology is unclear. ST6GAL1 expression was identified as being downregulated in a signature of anti-CTLA-4-induced treatment autoimmunity 49 and upregulated in colorectal cancer tumorigenesis. 50 LYST, associated with pigmentation-specific processes, 51 has been previously reported to be involved in melanoma biology, whereas the PARP10 gene is involved in cancer biology. 32 Therefore, the HVEM signature correlates with aggressive melanoma features underlined by different mechanisms.
Among the 20 genes constituting the HVEM signature, the gene whose expression most strongly co-regulated with HVEM was MITF, a gene well known for its role as a "master melanocyte transcription factor" in melanoma. Interestingly, six genes from the HVEM signature have links to MITF biology. For instance, SOX10 is a transcriptional activator of MITF, and ACP5, GNPTAB, MLANA, CAPN3, and LYST have all been reported to be targets of MITF. 51 Therefore, the HVEM signature revealed that HVEM is coregulated with genes involved in proliferative and invasive phenotypes in melanoma, among which is MITF, essential for melanocyte biology.
HVEM and MITF expression correlate strongly in melanoma
As documented in Figure 4 (a), Figure 5 (a), and Figure 5 (b), HVEM expression in melanoma correlates strongly with MITF expression. In contrast to HVEM, the role of MITF in melanoma has been studied thoroughly. MITF regulates genes essential for melanocyte development, function, survival, and senescence. 52 Using TCGA data, we found a strong correlation between MITF and HVEM expression at the metastatic stage (p = 2.282e-13) ( Figure 5(b) ) but a non-significant correlation at the primary stage (p = .7703), presumably due to a late role for HVEM in melanoma progression. The strong dynamics of correlation noted for expression of HVEM (TNFRSF14) and MITF at the metastatic stage of melanoma was specific for melanoma compared to other cancer ( Figure 5(a) ). There are recent mechanistic data supporting such correlations. For instance, a two-step DNA microarray-based approach showed that HVEM expression was regulated via MITF 51 and analysis of ChIP-Seq data extracted from Sturb et al. 53 identified binding of MITF in the promoter region of the TNFRSF14 gene via two E-Box motifs (data not shown). Moreover, using siRNA-based gene silencing in the MEL 501 melanoma cell line, the SKMEL28 cell line, and three cell lines obtained from patients, we formally established that MITF downregulation resulted in a significant decrease in HVEM mRNA ( Figure 5 (c-e) and Supplementary Figure S6a ). Western blot validated siRNA efficiency (Supplementary Figure S6b) . Therefore, the correlation we observed between HVEM and MITF in melanoma can be mechanistically accounted for by the fact that MITF controls HVEM expression.
HVEM expression differs from that of PD-L1 and is neither correlated with an IFNγ signature, nor linked to known somatic mutations in melanoma
As the PD-1/PD-L1 co-inhibitory pathway is induced by IFNγ, we analyzed whether HVEM expression was also subjected to (a) Patients were divided in two groups: a group with low expression of HVEM (0-5 HVEM score) and a group with high expression of HVEM (6-12 HVEM score). The correlation with overall survival was determined. Low HVEM expression was associated with a significantly better overall survival (p = .0124). The table represents multivariate analysis of factors associated with overall survival. Data were obtained from the Cox proportional hazard model. Modern treatment refers to either targeted therapies or immune checkpoint blockade (no patient received any oncolytic virus in this study). (b) Transcriptomic data from the skin cutaneous melanoma dataset of The Cancer Genome Atlas (TCGA) showed that high HVEM expression was significantly associated with a lower median overall survival (p = .0282, PROGgeneV2 website). Median gene expression was used as a bifurcating point. (Figure 4(a) ) revealed an absence of correlation between HVEM (TNFRSF14) gene expression and an IFNγ signature, contrasting with the positive correlation observed between the PD-L1 and T cell-inflamed signatures. 54 Next, using the melanoma metastases identified as HVEM + by flow cytometry (Figure 4(b) ), we studied the distribution of hotspot mutations of the oncogenes BRAF and NRAS. We found that 53.8% of HVEM + samples contained BRAF V600 mutations, 30.8% of the samples contained NRAS Q61 mutations, and the remaining 15.4% showed wild-type forms of BRAF, NRAS, and c-KIT. These rates correspond to the expected percentages of activating mutations in metastatic melanoma, 23 confirming that HVEM is neither inducible by IFNγγnor linked to BRAF, NRAS, or c-KIT mutations in melanoma.
Discussion
Immunotherapy strategies based on the blockade of co-inhibitory molecules aim to boost host immune responses against tumors and circumvent tumor evasion. In that context, blockade of the HVEM/BTLA pathway could be of therapeutic value in melanoma due to its complementarity to PD-1/PD-L1 blockade, as demonstrated in vitro 10 and in mouse models. 11 Therefore, to provide a rationale for these observations, it was important to determine whether high levels of HVEM expression were found in melanoma metastases and associated with a poor clinical outcome, and to understand better the mechanisms controlling HVEM expression on melanoma cells. Accordingly, we confirmed that HVEM was expressed by melanoma metastases, in 98.3% of the 116 specimens analyzed by IHC and 100% of the fresh samples analyzed by flow cytometry. Our data are thus consistent with a previous study by Derré and colleagues that showed HVEM expression by 26 of the 40 melanoma cell lines analyzed and 12 of the 16 paraffin-embedded metastases studied. 9 Importantly, to avoid biased interpretation due to the presence of melanin, we used a red staining for IHC. Flow cytometry analysis identified BTLA expression at the surface of CD4 + and CD8 + TILs present in fresh melanoma samples. A total of 11.1% (range, 2.1-35.6%) of CD8 + TILs expressed BTLA, a value lower than previously reported by Derré et al.. 9 Like PD-1, the expression of BTLA even low is sufficient to provide inhibition of CD8 directed against NY-ESO-1 10 or directed against minor histocompatibilty antigen. 55 In fact in these two papers the function of both PD-1 and BTLA was investigated and demonstrated to be effective even with low expression levels. In addition co-immunofluorescence demonstrated a coincident expression between HVEM broadly expressed at the surface of melanoma cells and BTLA expressed by TILs. An additional information that we have to keep in mind is that BTLA is also present on CD4+ melanoma TILS (data not shown) and might also be targeted. This would increase the number of immune effectors affected. We also showed that metastatic melanoma patients with a high HVEM expression had a significantly poorer overall survival than those with a low expression and the analysis of TCGA data further supported the results obtained with our 116 patients. These findings are congruent with prior results Figure 5 . Expression of HVEM and microphthalmia-associated transcription factor (MITF) correlate strongly. (a) The strong correlation existing in the range of expression of HVEM (TNFRSF14) and MITF is specific to skin melanoma compared to other cancer cell lines of the Cancer Cell Line Encyclopedia (CCLE). (b) HVEM and MITF strongly correlated at the metastatic (distant + lymph node) stage on TCGA data (p = 2.282e-13) and not at the primary stage (p = .7703). The red dots represent the mean of MITF-low and MITF-high groups. The SEM for the MITF-low group and MITF-high group was 0.4473 and 0.0114, respectively, at the primary stage, and 0.0339 and 0.0041 at the metastatic stage, respectively. (c, d, e) Two melanoma cell lines, SKMEL28 and MeWo, and one short-term culture isolated from patient (C.09.10) were transfected with control siRNA (siCtl) or two different MITF siRNAs (siMITF1, siMITF2). MITF and HVEM expression was quantified by qPCR. Results are mean±SD of two experiments carried out in triplicate for MeWo, and one experiment carried out in triplicate for SKMEL28 and C.09.10. A two-tailed paired t-test was used for comparison between control and target siRNA (*: p < .05, **: p < .01, ***: p < .001, ****: p < .0001)ADC: Adenocarcinoma, NSCLC: Non-Small Cell Lung Carcinoma, SCC: Squamous Cell Carcinoma, TCC: Transitional Cell Carcinoma, UADT: Upper-aero-digestive tract.
obtained in seven other solid tumors (esophageal squamous cell carcinoma, 12 colorectal cancer, 13 hepatocellular carcinoma, 14 breast cancer, 15 ovarian serous adenocarcinoma, 16 clear renal cell carcinoma 17 and glioblastoma 18 ), suggesting a role for HVEM in tumor progression.
Using flow cytometry to compare HVEM and PD-L1 expression at the surface of melanoma cells, we found that HVEM had a broader expression (median, 43%; range, 9-92%) than PD-L1 (median, 1.6%; range, 0.2-15.3%). Because no data assessing PD-L1 in fresh melanoma samples by flow cytometry were available for an external validation of our results, we used IHC. As published recently in lung, 28 we used different scoring systems for HVEM and PD-L1 to take into account the diffuse pattern of HVEM inside each tumor cell (PD-L1 is mostly expressed at the interface between tumor and lymphocytes). In our cohort, 55% of samples were PD-L1 + , in agreement with the 33-83% of samples reported to be PD-L1 + in recently published clinical trials with stage III and IV patients. 24, 33 HVEM and PD-L1 complementary patterns were also noted at a microscopic scale by IHC: PD-L1 − neoplastic melanocytes harbored HVEM, suggesting that HVEM could represent a complementary or even, in some situations, an alternative therapeutic target to PD-1/PD-L1.
Considering that BTLA is evolutionary related to PD-1, 30 BTLA can likely substitute for PD-1 in conditions in which immune-checkpoint inhibitors target PD-1, by taking over and performing the exact same co-inhibitory function. A recent study 31 using human T cells and quantitative interactomics provided a mechanistic proof for the functional redundancy existing between BTLA and PD-1 coinhibitors and suggested that combination therapy using anti-BTLA and anti-PD-1 may be of clinical interest. A recent study performed in mouse 29 supports the view that engagement of the BTLA pathway is likely to mask the phenotypic consequences of blocking the PD-1 pathway, and illustrates that coadministration of PD-1 and BTLA antibodies augment the therapeutic benefit of PD-1 blockade.
Furthermore, in contrast to PD-L1 expression, HVEM expression correlated with genes independent of the PD-L1, T cell-inflamed, and IFNγ signatures, and BTLA upregulation occurs independently of functional exhaustion of T cells driven by antigen load. 10 Interestingly, we found that HVEM belongs to a constitutionally aggressive subgroup of co-regulated genes involved in melanoma proliferation and invasion, which is a first for an immune gene. This feature, as well as the correlation with MITF expression, appears melanoma specific, as it was not found in other malignancies with known HVEM links. Given that these correlations were not significant at the initial tumor stage (i.e., in primary skin melanoma), it may constitute a late phenomenon in melanoma progression.
Besides, numerous data have been gathered 25, 34 indicating that hypoxia dampens immune response in tumors. MITF, that was demonstrated in this study to control HVEM expression, was also reported to be negatively regulated by hypoxia. 27, 39 Therefore, we can expect to observed a decrease in HVEM level in hypoxic tumors or region However, in our IHC we did not observed a clear increase in HVEM around vessel, suggesting that HVEM expression is not only regulated by MITF. It should be also noted that the interplay between MITF and HIF1A is rather complex. Indeed, upon hypoxia, HIF1A increase leads to an inhibition of MITF expression. However, MITF was also reported to increase HIF1A expression. 56 Therefore, the correlation between HIF1A, MITF and its targets cannot be simply linear.
Published data suggest that manipulating the HVEM/ BTLA co-inhibitory axis is of translational value in tumor immunotherapy, via different techniques: monoclonal antibodies 10,11 targeting HVEM/BTLA axis, or alternatively, a small HVEM peptide corresponding to residues 23-39 blocking BTLA interaction with HVEM in vitro. 22 By delivering a vaccine comprising a eukaryotic expression plasmid that expressed the extracellular domain of mouse BTLA and a HSP, it was possible to induce an antitumor effect in TC-1 mouse model of cervical cancer. In addition, a vaccine expressing the HPV-16 E7 protein fused to herpes simplex virus glycoprotein D (an antagonist of BTLA) and CD160 induced a more sustained regression of large HPV-16 E7 thyroid adenocarcinoma tumor masses compared to a vaccine expressing E7 alone. 57 Our present study also suggests an additional and arguably less specific possibility of blocking the HVEM/ BTLA axis by targeting MITF.
In conclusion, our study provides new information on the role of the HVEM/BTLA co-inhibitory pathway in melanoma. We showed that the percentages of HVEM + melanoma cells is variable in different patients. Importantly, HVEM + melanoma cells were found in contiguity with BTLA + CD8 + TILs, suggesting that the HVEM/BTLA axis is likely functional in melanoma. We also established a significant correlation between high HVEM expression in melanoma metastases, and poor clinical outcomes. Finally, analysis of the mechanisms regulating HVEM expression in melanoma revealed that, in contrast to PD-L1, HVEM expression did not correlate with an IFNγ signature and strongly correlated with MITF expression. Altogether, these data make HVEM and BTLA promising targets for antibody-mediated 'checkpoint blockade' therapy in melanoma.
